This paper proposes a robust control algorithm for stabilization of a three-axis flexible spacecraft in the presence of model uncertainty, external disturbances and control input nonlinearities. This control algorithm is based on variable structure output feedback control design technique that explicitly accounts for the control input nonlinearities in the stability analysis. Asymptotically and exponentially stable design methods are investigated for constructing the controller to stabilized uncertain system with input nonlinearities. Two kinds of the controller are presented that both ensures the global reaching condition of the sliding mode of the spacecraft dynamics system. Moreover, in the sliding mode, the dynamics system under study still bears the insensitivity to the uncertainties and disturbances as the system with linear input. An additional attractive feature of the control method is that the structure of controller is independent of the elastic mode dynamics of the spacecraft, since in practice the measurement of flexible modes is not easy or feasible. It is also shown that an adaptive version of the proposed controller is achieved through removing requirements of knowing the bounds of the uncertainties and perturbations in advance. Furthermore, a modified adaptation control law is given to improve the adaptive performances such that a new controller is designed which can guarantee the boundedness of the closed-loop system. Numerical simulations show that the precise attitude and vibration suppression can be accomplished using the derived controller for both cases with and without adaptive control.
Introduction
Fine attitude control and stabilization are the key technologies of some modern flexible spacecraft, whose missions, such as stereoscopic mapping, requires high pointing accuracy and stabilization. However, some orbiting operations, such as attitude slewing or maneuvering, will introduce certain levels of vibration to flexible appendages, which will deteriorate its pointing performance. In addition, in the realistic environment, the knowledge about system parameters such as inertia matrix and modal frequencies is usually unknown, and various disturbances, including gravitational torque, aerodynamic torque, radiation torque, and other environmental and non-environmental torques, are also presented. Therefore, disturbance rejection control strategies that are also robust to parametric uncertainty and effectively suppress the induced vibration are of great interest in spacecraft applications.
Variable structure control (VSC) as discussed by Utkin [19] and as discussed elsewhere [12] is an effective approach to deal with uncertainties and disturbances for nonlinear systems due to its simplicity and effectiveness as well as its robustness. Over the last few years, VSC has been applied to the design of attitude control system for spacecraft as discussed in Refs. [3, 6, 13, 20] . However, the conventional VSC is always limited to the systems with full-state feedback. In practical application, full measurement of state might be neither possible nor feasible, such as the measure of the variables describing the flexible motion, the modal position, and velocity of the flexible spacecrafts. Even though some asymptotic observers and dynamic compensators have been used in variable structure system to deal with the unavailability of states as discussed in Ref. [5, 8] , they possibly increase the complexity of the system. Therefore, the direct output feedback design in VSC is worth investigating. Several authors have considered VSC in the static output feedback format as discussed in Refs. [7, 9, 21, 23, 25] . Linear systems using the variable structure output feedback control (VSOFC) have considered by Heck and Ferri [9] . Zak et al. [10] studied the use of the output feedback in variable structure control with uncertainties for a class of controllers. Yallapragada et al. [23] have considered the reaching condition design for the variable structure control with static output feedback. For variable structure control system, an important assumption is that the uncertainties are bounded and that their bounds are available to the designer. These bounds are an important clue to the possibility of guaranteed stability of a closed-loop. Occasionally, due to the complexity of the structure of uncertainties, their bounds may not be easily obtained. Adaptive control is also known as an effective and robust strategy with uncertain system as discussed in Refs. [10, 18, 22, 24] . Using online identification, one can assure global stability for a class of systems with known structure but unknown parameters. The advantages of these controllers are that the information of the upper bound of perturbation is not required. However, the adaptive switching gains of controller will slowly increase boundlessly due to the fact that the state variable will not be exactly equal to zero in practice. Moreover, this study concentrated on the uncertain systems with full-state feedback.
Another important problem encountered in practice is that of control input nonlinearities. As it is well known, due to physical structure and energy consumption of the actuators, there do exist nonlinear characteristics such as saturation in the control inputs. This can lead to substantial performance deterioration and even to instability of the system. Hence, globally stable algorithms that take control input nonlinearities explicitly into account are of interest in practice. Although the problem of stabilization on system with nonlinearities input has been worked out, e.g. [10, 11, 16] , the studies about variable structure system control mostly concentrated on the uncertain systems with full-state feedback. Such control problems are of particular interest in spacecraft control where the control objectives are to be achieved with limited control authority. In Ref. [15] , the authors considered this problem using the equivalent control approach. The control design was found to be effective in simulation studies. However, the stability analysis when the input was saturated was lacked. In other related studies [1, 2] , globally stable control algorithms for stabilization of rigid spacecraft attitude dynamics were reported. However, to the authors' best knowledge, for flexible spacecraft attitude control system, the problem of VSOFC for systems with control input nonlinearities has not been fully addressed yet.
The objective of this paper is to design a non-linear controller to achieve the attitude maneuver for a three-axis stabilized flexible spacecraft while actively suppressing the vibrations of the flexible appendages under the model uncertainty, external disturbances and control input nonlinearities. The control design method proposed is based on the continuous version of variable structure output feedback control design technique and only the attitude and angular rate information is used for feedback. The designed controller effectively suppresses the vibration of the flexible structures, and achieves disturbance rejection with control input nonlinearities, which is also robust to model uncertainty in the spacecraft model. Moreover, the developed variable structure output feedback controller is also extended through adaptive variable structure control without the limitation of knowing the bounds of the uncertainties and the perturbations in advance, that is, an adaptive variable structure output feedback controller is proposed. In addition, by adding a negative feedback term, an improved adaptation law is also developed which solves the problem that the adaptive switching gains of controller will slowly increase boundlessly due to the fact that the restriction to the sliding surface cannot always be achieved, and guarantees the boundedness of estimated control gains.
The paper is organized as follows: In Section 2, mathematical mode of a flexible spacecraft and some properties of the uncertain system with input nonlinearities are described. The robust variable structure output feedback controller is designed in Section 3, while variable structure output feedback controller is extended in Section 4 to the case without knowing the bounds of the uncertainty and the disturbances. Simulation examples are presented in Section 5 to demonstrate the effectiveness and the potential of the developed techniques. The paper is concluded in Section 6.
System Statement
A general description of uncertain dynamical system with nonlinear input is given in the form of
where xðtÞ 2 R n is the state vector, u 2 R m the control input of the system, and y 2 R p the output vector. A 2 R nÂn is the state matrix, B 2 R nÂm the input matrix and C 2 R pÂn the output matrix, and ÈðuÞ a continuous function and Èð0Þ ¼ 0, where È : R m ! R m with the law u ! ÈðuÞ and ÈðuÞ : R m ! R m . ÁA and ÁB are the uncertainty matrix of A and B, respectively. fðtÞ 2 R n stands for the disturbance. Note that for the real flexible spacecraft, the motion equation is really more nonlinear than that shown in Eq. (1) . While in view of control system design, the flexible spacecraft equation given later can be transformed into this case through appropriate assumption and simplification.
Throughout the remainder of this paper, the following assumptions are taken: Assumption 1. For the nominal part of the uncertain dynamic system with nonlinearities indicated in Eq. (1), the triplet (A,B,C) of the nominal system is controllable and observable. Assumption 2. There exist matrix functions H, E and d such that the following matching conditions hold:
where E k k < 1. Note that W k k represents the Euclidean norm when W is a vector or the induced norm when W is a matrix.
Assumption 3. The nonlinear input ÈðuÞ applied to the system is inside sector ½h 1 , h 2 and satisfies
where ðu i , È i Þ is the ith scalar element of ðu, ÈÞ.
When the elements of the nonlinear input function inside sector satisfy the property shown in Eq. (3), there exists
where h 2 ¼ maxðh 2;i Þ is referred to as the gain margin, and h 1 ¼ minðh 1;i Þ as the gain reduction tolerance.
It also notes that 
Proof: Omitted for brevity; see, e.g., [11] and references therein. This lemma will be employed later to derive the variable structure output feedback control law.
Variable Structure Output Feedback Control Design
A linear switching surface is defined as
where G 2 R mÂp is a constant matrix such that GCB is invertible. In consequence, asymptotically and exponentially stable design methods are analyzed for development of the variable structure output feedback control law.
Asymptotically Stable Design
With appropriately selected G, the following condition is desired
Once the above sliding mode SðtÞ ¼ 0 is reached, it is always accompanied with _ S SðtÞ ¼ 0. Therefore, the equivalent control È eq in the sliding mode SðtÞ ¼ 0 can be derived from
which yields È eq ¼ÀðIþEÞ À1 ½ðGCBÞ À1 GCAxþHxþd ð10Þ Remark 1. It is noted that the equivalent control È eq is only a mathematically derived tool for the analysis of a sliding motion rather than a real control law being generated in practical systems. In fact, È eq is not realizable through a nonlinear controller even if the system is nominal, or the system is in the absence of uncertainties. Therefore, the equivalent control generates an ideal sliding motion on the switching hyperplanes while the real variable structure controller generates a trajectory close to the ideal sliding motion around the switching hyperplanes. Substituting Eq. (10) into system (1) yields the equivalent dynamical system with nonlinear input in the sliding mode as _ x xðtÞ ¼ ½I À BðGCBÞ À1 GCAxðtÞ ð 11Þ
From the above analysis, it is shown that how to enforce the system trajectory onto the sliding mode is the key task for system stabilization. The reaching condition of sliding mode is given below.
Lemma 2. The motion of the sliding mode (7) is asymptotically stable, if the following condition is held:
Proof. Omitted for brevity.
To fulfill the condition state in (12), the desired switching control is suggested by
where ð#Þ¼ #ðy,tÞ, > 1=h, #ðy,tÞ¼
Define the singular value decomposition of GC as GC ¼ UAEV T 1 , where U 2 R mÂm , AE 2 R mÂm , and
Theorem 1. Consider the uncertain system (1) with nonlinearities satisfying Assumptions 1-3. For the control law in (13) , choose
where
Þand #ðÁÞ ! 0 where > 0 and ¼ max u k k, then the reaching condition S T _ S S < 0 is satisfied for x :
Proof. Let VðtÞ ¼ 1 2 SðtÞ k k 2 be the Lyapunov function of system (1). Then, from (8), one can obtain
From (5) and (12), we get
Therefore, it follows from (16)
Substituting (17) into (15) gives
Note that a nonsingular transformation of switching surface will not change the sliding mode dynamics. If a particular switching surface
Therefore, without loss of generality, we can assume
By substituting N into the reaching condition (12), and use GCB ¼ I, we have
If x is decomposed as x ¼ x k þ x p where x k 2 N ðGCÞ and x p 2 N ? ðGCÞ, then GCx ¼ GCx p . Simplify the first term on the right-hand side in (19) , and then decompose it as follows
T U ¼ I, the second term on the right-hand side of (20) is zero, and then the expression in (19) is reduced to
If ! x k k k, the upper bound for the expression in (21) is
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Choose and such that > GCA k k þ ð 2 h 2 þ 3 Þ, and > 1 AE
À1
, respectively.
It can be shown now that
According to the Lyapunov stability theorem, condition (23) ensures that S(t) is toward the switching surface and the sliding mode is asymptotically stable. The proof is completed.
Exponential Stability
If the variable structure control law (13) is modified as
, then we have the following stability result.
Theorem 2. Consider the uncertain nonlinear dynamic system (1) under Assumptions 1-3. The sliding mode control law is chosen as (24) . Then the system trajectories globally exponentially converge to the sliding mode (6).
Proof. Let the Lyapunov function candidate also be " V VðtÞ ¼ 1 2 SðtÞ k k 2 . Using (24) and the same manipulations as those in (15)- (22), the time derivative of V(t) becomes
It yields
where t 0 is the initial time. Therefore, the system trajectories globally and exponentially converge to the sliding mode (6).
Adaptive Variable Structure Output Feedback Control Design
In Section 3, we have shown how to design a stable system by dynamic variable structure control for the systems with mismatched uncertainty. However, the bounds of the uncertainties/disturbances must be known in advance. In general, this bound is difficult to measure in practical applications; therefore, the bound of the uncertainty is usually chosen large enough to ensure robust stability. However, a large parameter will result in substantial chattering of the control effort. On the other hand, if the bound is chosen too small, the robust stability cannot be guaranteed. To relax the requirement for the bound of uncertainty, an adaptive design method for the robust gain is proposed. Here, we recall the Barbalat lemma as discussed [14] in the follows. Barbalat lemma will be a tool used in the proof of the subsequent main result of Theorem 3. 
Now, the following adaptive variable structure output feedback control is proposed as
where ð#Þ ¼ # #ðy, tÞ, > 1=h, and# #ðy, tÞ ¼
Note that k is any positive constant,Ñ N and are chosen to be > GCA k k þ 2 h 2 þ 3 and
, " i is any positive constant, and i is the estimate of i , and i can be obtained from the following dynamics
where p i is a positive constant. Let " i ¼ i À i denote the adaptation error. Because i is assumed to be constant, then we have the following
Theorem 3. Consider system (1) under Assumptions 1-3, if this system is controlled by uðtÞ ¼ũ uðtÞ in (29) with adaptation law (30), then the system trajectory asymptotically converges to the sliding surface SðtÞ ¼ 0.
Proof: Consider the following Lyapunov functional candidate
Taking the derivative of " V V with respect to time t and combing with (30) and (31) yield
where _ " " i ¼ À _ i is given in (31). Therefore, by substituting (30) into (33), we obtain the following inequality
where gðtÞ ¼ k S k k. Integrating (34) from zero to t, it yields
As t goes to infinity, the above integral is always less than or equal to " V Vð0Þ. However, " V Vð0Þ is finite and positive, then we have gðtÞ ! 0 as t ! 1 from Lemma 3, that is
Since GCB ¼ I is nonsingular, (36) guarantees that SðtÞ ! 0 as t goes to infinity. Then the proof is completed. However, the adaptive switching gains of controller will slowly increase boundlessly due to the fact that the restriction to the sliding surface cannot always be achieved. In order to address this problem, we proposed a modified adaptive control law by introducing a negative feedback term À i ðtÞ i , i.e.,:
Theorem 4.
Consider system (5) under Assumptions 1-3, if this system is controlled by uðtÞ ¼ũ uðtÞ in (29) with the adaptive law (37), then the system trajectory asymptotically converges to the sliding surface SðtÞ ¼ 0.
Proof. Consider the following Lyapunov functional candidatẽ
where 
Using the fact _ ¼ ÀRðÞ, then
Here, definite
So we can also obtain the following inequality
The following proof process is the same with Eqs (34)-(36). Then, we can conclude that control law (29) with the adaptive law (37) guarantees that SðtÞ ! 0 as t goes to infinity. Then the proof is completed.
Remark 2.
If the proposed adaptive sliding mode control lawsũ u in (29) is modified by the following form u _ in (43), then the system trajectories will exponentially converge:
where a ð#Þ¼ ðx,tÞþ q=2 ð Þ S T S ð Þ= B T C T G T SðtÞ À Á . This can be worked out by the same techniques as those used in the proofs of Theorems 2 and 3.
Application to a Flexible Spacecraft

Mathematical Model
The dynamics of the spacecraft with flexible appendages (solar arrays, antennas, etc.), actuated by reaction wheels, by considering small displacements, can be obtained from the well-know Lagrangian approach as discussed [4] 
where J T and J R are the symmetric inertia matrices of the whole systems and the reaction wheels, ¼ ½ x , y , z T the reaction wheel relative angular velocity (i.e., with respect to the main body). Equation (44) are described in the body-fixed frame. In addition, u e ¼ ½u e1 , u e2 , u e3 T the disturbance torque acting on the spacecraft, and u s ¼ ½u xs , u ys , u zs T the inner control torque generated by the reaction wheels that are installed in the flexible spacecraft. Finally, are the modal coordinate vector relative to the main body, is the coupling matrix between flexible and rigid dynamics, and
N g and N are the damping matrices, stiffness matrices and the number of elastic modes considered, respectively.
The design of control system for spacecraft is a complex task as a result of coupled nonlinear dynamics and attached flexible structures. While for the flexible spacecraft with a small Euler angle rotations, the dynamic model in Eq. (44) can be approximated as where ', and É are roll, pitch and yaw attitude angles, and ÅðÁÞ are function of the moments of inertia of the flexible spacecraft, the coupling matrix been attitude and vibrations modes, the orbital angular velocity, the modal frequencies, the flywheels relative angular velocity, and the external disturbances.
Remark 3. Note that under the assumption that a small Euler angle rotation is implemented and the orbit angular rate is small and slow, a simple model given by Eq. (45) is derived by neglecting some nonlinear coupling terms. This simplified equation is easy to manipulate and more suitable for control design. In fact, the exact model described by Eq. (39) is more nonlinear and more difficult to handle with. In order to verify the effectiveness of the control law, the simplified mode is used to derive the attitude control law to accomplish the rational maneuver and simultaneously suppress vibration. However, in the simulation section, the exact model of Eq. (44) is adopted and analyzed. Introducing a new variable
Define the state variable
2 R 2ðNþ3Þ , the state-space spacecraft model describing the dynamics behavior of the flexible spacecraft can be described by
ÁA s and ÁB s are the uncertainty matrix of A s and B s , respectively. Here the nonlinearities in the input È s ðu s Þ is taken as saturation whose saturated value is 1 Nm.
Simulation Results
In this section, numerical application of the proposed control schemes to the attitude control of a flexible spacecraft is presented using MATLAB/SIMULINK software. The nominal inertia and coupling matrices are from Ref. . It is required to control each of the attitude angles approaching zero from their initial value within t f ¼ 150s, and each of the vibration mode coordinates whose maximum absolute d max has been fixed to 0.25 Nm; N ðÁÞ denotes the normal distribution with mean zero and standard deviation one. In the numerical simulation, for comparison, three cases are conducted: (1) attitude maneuver control using the proposed variable structure output feedback control technique; (2) attitude maneuver control using a linear static output feedback control; (3) attitude maneuver control using the proposed adaptive variable structure output feedback control technique. The attitude response and vibration suppression are analyzed to study the performances of the controllers. In addition, the vibration energy level described by
is also used to express the effectiveness of vibration control. All computations and plots shown in the paper were performed using MATLAB/ Simulink software package.
Variable Structure Output Feedback Control Case
In order to reduce chattering in an actual implementation, the discontinuous control given as (13) often is replaced by a smoothed control of the form:
where " > 0 is small. This creates a small boundary layer about the switching surface in which the system trajectory will remain, as opposed to ideal sliding where the trajectory remains on the switching surface. The lemma 1 and Theorem 1 given in Section III suggest the following algorithm, by which the controller in the Eq. (13) can be designed. A s , B s , C s , G 1 and , where G 1 defines the switching surface.
Algorithm. (Step 0) Input
In this controller parameter design procedure, four design parameters , , and " are involved. Considerable simulations have been done for determining the parameters , , and ", and here only one case of this numerical studies is given for the space limitation: ¼ 10, ¼ 10, ¼ 5 and " ¼ 0:01. The disturbances considered d in the simulation are shown in Fig. 1 . With the designed controller in Eq. (50), time responses of angles, velocity, control torque, vibration mode and vibration energy are shown in Fig. 2. From Fig. 2(c) , we can see that the inner-torque of each flywheel approach to zero at the time of 100 s. It is also clear that each of the threeattitude angles response approaches zero at the time of 150 s, and the steady error of each angle is close to zero. It is noted that an acceptable angle rate response was achieved as show in Fig. 2(b) . In addition, responses of the first three vibrations modes and the vibration energy are also illustrated in Fig. 2(d) . The maximum induced vibration coordinate of the 1st mode is effectively suppressed below 0.005 kg 1/2 m and the maximum amplitude of vibration energy is less than 0.006 Nm. It is noted that for the current design system, fast and precise attitude control and vibration suppression for the flexible appendages are achieved even in the presence of control input nonlinearities and external perturbations.
For the exponentially stable design case, the controller (29) can also be modified into the form similar to the Eq. (50) by introducing the boundary layer. Here, parameter q is selected 15 through considerable numerical simulations. The parameters N, , , ", and remain the same for a fair comparison. The same initial condition and disturbances are also used as above case. The simulations are shown in Fig. 3 . The three-axis attitude responses almost approaches zero at the time of 100 s, and the steady error of each angle is also less than 0.002 as shown in Fig. 3(a) . 
Note that when the parameter q is changed by extensively numerical simulations analysis, the chattering can be reduced. In addition, the maximum amplitude of the 1st mode and the vibration energy is also effectively suppressed below 0.1 kg 1/2 m and 0.004 Nm as shown in Fig. 3(d) , respectively.
Linear Static Output Feedback Control Case
For comparison, consider a linear static control of u ¼ K 1 y, where K 1 is chosen to give closed-loop eigenvalues as approximate as possible to the eigenvalues of the sliding mode equations, such that the nominal behavior of the linear control and the proposed variable structure output feedback control are comparable. The responses of the linear control to the same initial condition, uncertainties and disturbances are given in Fig. 4 . The excessive changes of the control signal are observed in Fig. 4(c) . As a result, a significant amount of the oscillations of the attitude angle and rate occurred during the maneuvering as demonstrated in Figs 4(a) and 4(b) . Moreover, the oscillations do not settle within 40 s. The disturbance rejection is markedly worse that that achieved by the sliding mode control. In addition, from comparison of Figs 2(d) or 3(d) , the linear control introduces much more vibrations to the vibration modes as shown in Fig. 4(d) . From the responses we can see that the maximum induced vibration coordinate of the 1st mode is nearly close to 0.1 kg 1/2 m and the vibration energy 0.02 Nm, respectively. Furthermore, the oscillatory induced by attitude maneuver converges very slowly.
Adaptive Variable Structure Output Feedback Control Case
As in the preceding case, in the following simulations we used the soothed function described in Eq. (51) in the control law to avoid chattering of the control input.
The controller parameter design process is as same as the algorithm aforementioned and parameters , , and " for remain the same for a fair composition. The attitude angles and rates response of each axis are shown in Figs 5(a) and 5(b), respectively. As expected, the responses of both the angle displacement and the angular velocity also converge to zero in 150 s. The time response of flexible modes vibrations and energy are shown in Fig. 5(d) . The maximum induced vibration coordinate of the 1st mode is effectively suppressed below 0.008 kg 1/2 m and energy less than 0.0004 Nm, respectively. It is seen that the adaptive control law, as expected, is essentially capable of suppressing the vibrations while maintaining the attitude maneuvering capability of flexible spacecraft.
For the adaptively and exponentially stable design case, the controller (29) can also be modified into the form similar to the Eq. (51) by introducing the boundary layer. Here, parameter q is also selected 15 for a fair comparison. The parameters N, , , ", and also remain the same. The simulations are shown in Fig. 6 . The responses of the attitude angles almost approaches zero at the time of 100 s, and the steady error of each angle is also less than 0.001 as shown in Fig. 6(a) . Fig. 6(b) shows the responses of angular velocity of the flexible spacecraft with the steady error much less than 0.002 /s. It is clear that, from comparison of Figs 5(a-b) and 6(a-b) , the attitude and rate responses under the exponential design case are also faster than the asymptotical design case even if there is some control chattering due to the additional term
In addition, the maximum induced vibration coordinate of the 1st mode is also effectively suppressed much less than 0.008 kg 1/2 m and energy 0.0001 Nm as shown in Fig. 6(d) .
In addition, the case of asymptotically stable design with modified adaptive control law is also studied by simulation. In this case, i ð0Þ ¼ 0:01 and r i ¼ 0:5 ði ¼ 1, 2, 3Þ are used in the simulation and the other parameters q, N, , , ", and also remain the same with above case. The responses of the attitude angles almost approaches zero at the time of 100 s, and the steady error of each angle is also less than 0.001 as shown in Fig. 7(a) . Fig. 7(b) shows the responses of angular velocity of the flexible spacecraft with the steady error much less than 0.002 /s. Moreover, the maximum induced vibration coordinate of the first mode is also effectively suppressed much less than 0.0005 kg 1/2 m and the vibration energy less than 0.0001 Nm as shown in Fig. 7(d) . At the same time, the chattering is also significantly reduced by involved the negative terms in the adaptive law. For the case of exponentially stable design with modified adaptive control law, same trends with Fig. 7 were also found (figures not shown because of space limitation).
From the comparison of above several cases, it is shown that the proposed approach can not only accomplish the high precision attitude control during maneuvers, but also simultaneously suppress the undesired vibrations of the flexible appendages even though the input nonlinearity is explicitly considered. Furthermore, the information of upper bound of the perturbations and uncertain is not required beforehand when the adaptive version of the proposed variable structure output feedback control is adopted.
Conclusions
In this paper, an approach to vibration suppression of three-axis stabilized flexible spacecraft is investigated during attitude maneuver in the presence of bounded model uncertainty, external disturbances and control input nonlinearities. The approach of the current study is the construction of variable structure output feedback controller to stabilize uncertain dynamics system with explicitly taking into account control input nonlinearities. We also propose an adaptive version of this algorithm, which removes the disadvantages of the sliding mode controller, and can results in precise response to attitude control command and effective suppression to the vibration of its flexible appendages in the presence of disturbances, uncertainty and input nonlinear characters. In both cases we included rigorous proof of stability of the resulting closed-loop system, as well as computer simulations to evaluate the overall performance. The significant advantages of this control include the following: (i) presented variable structure output feedback controller can derive the trajectories of the uncertain system with nonlinear input onto the sliding mode; (ii) the uncertain system with input nonlinearities still keeps insensitive to the parameter variations and/or disturbance as that of a system with linear input in the sliding mode; (iii) the variable structure output feedback control can also be achieved through adaptive control without knowing the bounds of the uncertainty and perturbation terms in advance; (iv) the modified adaptation law can guarantee the boundedness of the control gains even if the restriction to the sliding surface cannot be achieved.
